In this study we suggest that a more careful and systematic understanding of fuel poverty can be developed through a multidimensional approach to the relationship between monetary poverty, residential energy efficiency, and heating restriction. Our objective is to provide new ways to better identify those who suffer the most from fuel poverty to optimize policy. Thus, the purpose of this paper is to measure poverty in three steps following Sen (1979) 
Introduction
Fuel poverty occurs when a household is unable to afford the most basic amount of energy for adequate heating, cooking, lighting, and use of appliances in the home. In 2011, 9.8% of households in the EU27 countries and 15.8% of households in the 12 new member states could not afford to heat their homes adequately (European University Institute 2011). Moreover, 8.8% of EU27 households and 17.1% of households in the 12 new member states were in arrears on their utility bills 1 (European University Institute 2011), so between 50 million and 125 million people in Europe are estimated to be fuel poor which represents respectively between 10% and 25% of European population (Bird, Campbell , and Lawton 2010 , European Fuel Poverty and Energy Efficiency 2007 . Thus, fuel poverty is an increasingly serious problem across Europe 2 (Birol 2007 , Bouzarovski, Petrova, and Sarlamanov 2012 , Brunner, Spitzer, and Christanell 2012 and requires the intervention of policymakers. Indeed, ONPE (2016) estimates the number of fuel-poor households in France to be 3.8 million (5,8% of population).
In particular, (i) corrective measures have been implemented which aim to help fuel-poor households pay their energy bills, and (ii) preventive policies have also been introduced, which focus more on improving residential energy efficiency. Debates about the effectiveness of these measures have ensued for several reasons; mainly because energy retrofit renovations have often been undertaken by wealthier households Salmon 2018, Vilches, Barrios Padura, and Molina Huelva 2017) . Thus, despite these measures, given the expected increase in the cost of energy, some could find it difficult or even impossible to satisfy their energy needs. The relationship between subjective well-being and the affordability for 1 Information on the ability to keep one's home adequately warm and arrears on utility bills is from the Eurostat European Union Statistics on Income and Living Conditions (EU-SILC) Survey. The survey aims to collect timely and comparable crosssectional and longitudinal multidimensional microdata on income, poverty, social exclusion and living conditions. This instrument is anchored in the European Statistical System (ESS). The inability to keep one's home adequately warm refers to the percentage of persons in the total population who are in a state of enforced inability to keep their home adequately warm. Arrears on utility bills refers to the percentage of persons in the total population who are in a state of arrears on utility bills, expressing the enforced inability to pay their utility bills on time due to financial difficulties.
2 Fuel poverty is a major social problem which requires action across a range of policy issues and at all political levels. The number of fuel-poor households in Europe could multiply in the near future, as nearly one in seven households in Europe are at risk of poverty, the price of domestic gas increased by 18% on average from 2005 to 2007, and the price of domestic electricity increased by 14% on average over the same period.. (European Fuel Poverty and Energy Efficiency 2011) households of electricity, heating oil and natural gas has been already demonstrated (Welsh and Bierman 2017).
As a prerequisite to discussions about the effectiveness of different measures to fight fuel poverty, debates have often focused on the need to reliably identify fuel-poor households and create a detailed profile of such households. In fact, the multidimensionality of fuel poverty makes it difficult to achieve this.
Fuel poverty has generally been treated as a monetary poverty problem. At European Union level, there is no common definition or standardized indicator for assessing fuel poverty. While there is a large body of literature on measuring poverty (Ravallion 1998 , Phradan and Ravallion 1998 , Ravallion and Bedani 1994 consensus has not yet been reached on the related methodological and conceptual issues. Only four countries have defined the concept of poverty and energy poverty: The United Kingdom, Ireland, France and Slovakia (Host et al. 2014 ). However, households affected by fuel poverty are not always the same as those affected by monetary problems, even if the two phenomena are inextricably linked, representing an aspect of multidimensional poverty (Legendre and Ricci 2015) .
In this context, we suggest that a more careful and systematic understanding can be developed through a multidimensional approach to the relationship between monetary poverty, residential energy efficiency of buildings, and heating restrictions. Our objective in this paper is not to challenge existing measures of fuel poverty, but provide new ways to better identify those who suffer the most from fuel poverty in order to optimize policy. We argue this is needed to better identify the connection between energy use and well-being and therefore deepen understanding of energy poverty or energy precarity.
Current definitions of fuel poverty underscore the need to consider its multiple dimensions.
Depending on the country, the definition of fuel poverty might include indoor temperature, cooling expenditures, damp walls and/or floors, lack of central heating, and rotted window frames.
Moreover, the literature has begun to highlight the need for a theoretical framework for fuel poverty similar to Sen's work on poverty (Sen 1979) . Over the past 20 years, many involved in energy issues have grappled with the concept of energy poverty (Krugmann and Goldemberg 1983 , Pachauri and Spreng 2003 , Foster, Tre, and Wodon 2000 , González-Eguino 2015 , and several approaches have been used to define and measure it (Department of International Development 2002). These methods often define a minimum level of physical energy expenditures above which households can be considered non-poor. This level is based on a basket of goods and services for meeting direct energy needs (e.g. heating, lighting and cooking) and the energy embodied in additional goods and services that households use.
However, a problem arises in assessing the minimum level of energy required for basic needs, which can be different among countries and climates. Thus, consensus on a common definition and harmonizing the use of fuel poverty indicators is still needed in developed countries.
Indeed, it is difficult to identify all the dimensions of fuel poverty, notably self-imposed heating restrictions, and the usual definitions result in an amalgamation of fuel poverty characteristics (Charlier, Risch, and Salmon 2015) , such that policymakers have difficulty identifying the fuel poor. Households around a certain threshold may be excluded from the definition of fuel
poverty, yet still be vulnerable.
Within the same country, regional differences in climate, different socioeconomic characteristics (cost of living), and cultural factors necessarily influence the phenomenon of fuel poverty. Existing monetary indicators are not sufficient for a single, satisfactory conceptual framework that can make comparisons and capture inequalities from the local to the national to the global level to reveal more about variations between developed countries. On the other hand, assessing fuel poverty as a component of overall precarity and viewing it as connected to other forms of poverty appears essential to designing effective solutions. A convincing assessment of energy insecurity requires a broad and above all non-binary approach. The object of our research is to capture the phenomenon as a whole while retaining the elements to be considered, as well as the objectives created by binary measurement tools. We achieve this by controlling for specific regions. The results of our work will enable policymakers to adopt appropriate fuel poverty control strategies based on the distribution of the phenomenon in the population. Thus, the purpose of this paper is to measure poverty in three steps according to Sen's work (1979) Section 5 concludes.
Measuring fuel poverty in France

Standard measures of fuel poverty
From a general point of view, a household is considered to be fuel poor when it occupies an energy-inefficient dwelling and is unable to pay the bills for heating the home at an appropriate level. Thus, fuel poverty refers to a multidimensional concept that includes three phenomena:
the socioeconomic situation of the household according to income level, the characteristics of the dwelling including energy efficiency, and the energy access conditions generally reflected in the price of energy (European Fuel Poverty and Energy Efficiency 2006 , Devalière 2007 , Palmer, MacInees, and Kenway 2008 . One of the first measures of fuel poverty, the energy income ratio or the 10% approach, was proposed by Boardman (1991) .
The energy-income ratio is defined as a "household [being] in fuel poverty if it needs to spend more than 10% of its income on fuel to maintain a satisfactory heating regime and all other energy services" (De Quero and Lapostolet 2009, Department of Energy and Climate Change 2001). The energy-income ratio, representing this 10% indicator, is calculated as follows:
One main advantage of this ratio is that it considers theoretical rather than actual fuel costs.
They are obtained by multiplying fuel requirements (theoretical consumption) by fuel prices.
Considering theoretical fuel costs ensures that the household achieves an adequate level of warmth subject to a range of dwelling and household characteristics. However, this measure of fuel poverty has some limits. Although the energy-income ratio has the advantage of taking into account under-consumption by comparing theoretical and effective (or real) fuel consumption, it is not in fact intended to measure whether households are spending more than 10% of their income on domestic fuel. Rather, it measures whether households would need to do so to achieve an acceptable level of warmth in their dwelling on the basis of observed income and modeled physical data related to dwelling space and thermal efficiency (Legendre and Ricci 2015, Fahmy 2011 (Allibe 2012) . Results show that the ratio between observed consumption and theoretical consumption is always less than 1, meaning that theoretical consumption exceeds observed consumption. This can be mainly attributed to restrictions in thermal comfort. Consequently, the energy-income ratio does not take into account the restriction practices of some households, mainly with regard to heating needs, induced by high fuel costs (Dutreix et al. 2014) . Furthermore, Hills (2011) and Moore (2012) argue that the energy-income ratio does not reliably take income level into account, especially for high-income households. Therefore, a significant number of households are found to be fuel poor, when in reality their large fuel expenditures are in line with their high income. Although the 10% indicator is still applied in different national contexts, it is definitely not suitable for policymaking because it was defined using an obsolete and country-specific threshold of energy expenditures. It could be revisited and made more suitable using specific national characteristics. Considering these limits, the After Fuel Cost Poverty (AFCP) indicator was developed by Hills (2011 
The main advantage of the AFCP indicator is that it considers housing costs. Even if housing costs represent only a part of constrained expenditures, the results become more reliable when they are included in calculations. On the other hand, it is possible some very low-income households will be classified as fuel poor regardless of their fuel requirements. As a consequence, confusion between fuel and monetary poverty is possible (Legendre and Ricci 2015) .
-The Low Income-High Cost (LIHC) indicator
Defined by Hills (2011 Hills ( , 2012 , the LIHC indicator is an alternative measurement framework that focuses on the overlap of high costs and low income. This indicator considers two thresholds for identifying fuel-poor households: The first threshold is the same income threshold as for the AFCP approach, and the second is an energy cost threshold based on the median spending of all households.
Therefore, according to this approach, a household is fuel poor in the following double condition:
The advantage of the LIHC indicator is in clearly distinguishing between fuel and monetary poverty by defining two different thresholds. However, like the AFCP indicator, the LIHC is based on a calculation of net income and not on constrained income.
Clearly, it is necessary to agree upon social measures (i.e. the absence of a central heating system in the home, damp walls and/or floors, rotten window frames, access to an electricity grid, indoor temperature) to capture the wider elements of fuel poverty, and focus on social exclusion and material deprivation, as opposed to approaches based solely on expenditure-based indicators. In the literature, we found cases where people can be fuel poor and not monetarily poor. Legendre and Ricci (2015) , studied a sample of individuals above the monetary poverty line that fell into poverty after paying their energy bill. This sub-sample represents 2.76% of the non-poor before energy expenditures. Identifying these people is possible as the relative poverty rate in developed countries is calculated using disposable income per consumption unit before expenditures on food, clothes or energy. Consequently, creating the measure house poor appears particularly useful as it enables the identification of one particular source of precariousness. Knowing the source of precariousness makes it possible to design an appropriate policy to improve the standard of living and well-being of the population.
Moreover, in some dwellings, real heating energy consumption is systematically lower than theoretical consumption (on average 30% lower), which is assumed to be explained by restriction behavior. This is the concept of the prebound effect (Galvin 2014) . The prebound effect suggests that policymakers who want to implement energy efficient initiatives may be over-estimating the benefits, and the rate of payback can be exaggerated due to restriction behavior and potential energy savings.
So, in the context of fuel poverty, being deprived of basic household utilities should be considered an indicator of fuel poverty in a unified social approach.
Construction of the Fuel Poverty Index (FPI)
Pioneering poverty specialists such as Sen (1979) recommended considering multiple dimensions to identify who the poor are. The report European Fuel Poverty and Energy Efficiency (2006) shows that fuel-poor households have several common characteristics: the inability to pay energy bills, cold and damp living conditions, debt, homes with low energy performance, and disconnection from energy supply. The consequences of these conditions are numerous, and sometimes the cost/income function approach is irrelevant: low-income households coping with financial constraints reduce their energy expenditures as a primary strategy. Spending on energy is usually reduced by cutting consumption (Anderson, White, and Finney 2012, Moore 2012) especially by reducing the use of heating, which we will refer to as restricted heating. Overall, the notion of privation appears relevant to characterizing poverty, which is particularly consistent with the analysis of fuel poverty. Despite the recommendation of many European organizations to take restricted heating into account in ensuring basic needs are met, policymakers generally use monetary definitions to identify fuel-poor households.
Thus, considering restriction behavior seems quite relevant in the study of fuel poverty.
The advantages of a composite indicator that compares fuel poverty level across households have been increasingly recognized in policy analysis (ONPE 2014) . Such an indicator is a useful tool in identifying trends and drawing attention to particular issues. One of the main advantages of a composite indicator is its ability to capture multidimensional concepts that cannot be appraised by a single indicator, while being easier to interpret than a battery of many separate indicators. Thus, we propose a composite indicator that can allow for the three indicators from the EU SILC 4 but in a normative way. Instead of just analyzing answers to questions, as in the SILC survey, we developed a multidimensional numeric index, the fuel poverty index (FPI), to capture these three aspects of fuel poverty. This index is based on geometric means and considers differences in achievement across dimensions. Moreover, weights can have a significant effect on the overall composite indicator. Most composite indicators rely on equal weighting (EW), which implies that all variables are equally considered in the indicator. This assumption seems justified in the absence of proof of an alternative. The composite fuel poverty index (FPI) is expressed as:
where is an indicator of standard of living, an indicator of the housing energy inefficiency and captures the potential heating restriction by providing information about housing temperature. , , allow comparisons of household attributes to objective references in the three dimensions. First, monetary poverty is captured through :
where P is the ratio between the poverty threshold, set at 60% of the median per consumption unit (PCU) 5 disposable income, and the household PCU disposable income.
Energy per square meter consumption (C) is used to calculate :
Finally, we measure heating restriction. The restriction behavior measure stands out from other previous monetary approaches but still belongs to the group of objective measures. It is often based on the calculation of both the actual and theoretical fuel consumption needed to reach an appropriate level of warmth in a dwelling. As mentioned previously, considering theoretical measures of consumption does not seem appropriate for France (Allibe 2012 (Ormandy and Ezratty 2012, Lacroix and Chaton 2015) . Considering these findings, we propose indoor temperature as an objective measure of restricted heating.
One solution to measure heating privation is to compare effective indoor temperatures to those recommended. The calculation of the last indicator is based on this recommendation:
In order to demonstrate that indoor temperature is a good proxy for heating privation, we provide some evidence in Appendix A using an econometric analysis involving matching methods. Some proofs of the quality estimate are also provided.
It is clear that poor energy efficiency in housing does not have the same consequences for lowincome households as it does for rich ones, since wealthy households have the means to undertake energy-efficiency renovations. The advantage of the FPI index is to provide a scale rather than simply defining households as fuel-poor or not. While the problem of using an index is that the values generated have little intrinsic meaning, it is still a better way to classify who suffers the most from fuel poverty in France. It is then up to the policymaker to decide which population at which ranges of the FPI index needs to be targeted with specific policies.
The FPI index can also be applicable to other countries, and depending on the extent of its use, an international scale of fuel poverty might emerge to compare these phenomena worldwide.
However, to be able to compare countries, homogenization measures of the surveys are necessary. For the moment, though, we will use this micro-foundation to categorize the population and estimate the intensity of the phenomena for each household.
Finally, while several decisions must be made when a composite indicator is constructed (on the selection of indicators, data normalization, weights, and aggregation methods), the sensitivity analyses provided in section 4.3 confirm the robustness of the FPI.
Data
This study uses French data based on the PHEBUS (survey on housing performance, equipment, needs, and uses of energy) database. This new periodic survey consists of two parts administered separately: a face-to-face interview with the occupants of the home about their energy consumption expenditures and attitude, and an energy performance diagnosis of the housing6. The survey aims to provide information about the energy performance of the housing stock, allowing for analysis according to household characteristics and appliances, as well as energy use and energy consumption. It was implemented to understand the drivers of energy consumption in France for the purpose of adapting public policy.
This survey is very interesting because it provides highly detailed information on energy consumption by type of fuel, energy costs and energy rates. Information is also available on the renovations undertaken by households, incentives to renovate (energy savings or improved comfort), and public policies. Moreover, a large part of the survey is devoted to the behavior of households and their satisfaction with their heating system, so it is possible to know if households restrict their energy use and what their preferences are. We know whether households prefer to achieve energy savings or comfort in their homes by end-uses, namely, by making a distinction between consumption of hot water, electricity, and heating. A part of the survey is also dedicated to indoor temperature in winter and in summer. Detailed questions are asked about the rate of occupancy. We also know whether households restrict their consumption 6 The energy performance diagnosis is a document that provides an estimate of energy consumption and greenhouse gas emissions of a dwelling. It is part of the technical diagnostics record, along with asbestos diagnostics, termites, lead, and status of indoor facilities for electricity and gas. This diagnosis has been mandatory since November 1, 2006 in case of sale of a dwelling and since July 1, 2007 for leasing. The display of the energy performance of real estate in the real estate agencies has been mandatory since January 1, 2011. The diagnosis is provided free to the respondent at the end of the investigation and has a 10-year validity period.
by reducing the temperature or by choosing not to heat some rooms. Finally, we know if households have a sense of discomfort and what the source of this feeling is.
Considering all these factors, we can therefore conduct a thorough analysis of fuel poverty taking into account not only monetary variables but also household and building characteristics as well as heating restriction. More subjective questions on satisfaction in terms of heating are also available. This study also makes it possible to study fuel poverty with information not only on disposable income but also on energy expenditures and attitude towards energy consumption (through temperature). To our knowledge, such an interesting and detailed database is rare in France. Our sample contains 2,318 households and is representative of the population (the sample is weighted to ensure representativeness).
Some descriptive statistics are presented in Table 1 . In general, energy consumption is higher in old buildings and in the coldest climate zone, which is not surprising. One interesting result has been obtained for the fuel poor according to the AFCP definition: their energy consumption is lower than the average and they have a low indoor temperature, which highlights restriction behavior. This group is also poorer than those in other fuel-poor categories.
To measure fuel poverty, we examined the multiple aspects of fuel poverty in France using three different measurement approaches: the 10% ratio approach (energy-income ratio), the LIHC approach and the AFCP approach. Descriptive statistics are also presented in Table 2 . We found the energy-income ratio to be equal to 0.0516 7 , while the same ratio calculated between energy expenditures and disposable income after housing costs and domestic fuel costs increased to 0.0571. The three definitions of fuel poverty identify quite different fuel poverty rates in France: 9.16% of the population are fuel poor according to the 10% ratio approach, 9.16% according to the LIHC approach, and 18.07% according to the AFCP approach.
Results
Fuel poverty and household profile
We conducted t-tests ( These results show that one advantage of the FPI is that it considers all dimensions of fuel poverty, especially heating restriction and subjective measures such as thermal discomfort.
Comparison of FPI to other measures (10%, LIHC, AFCP)
We found that 75% of the population has an FPI value lower than 0.126 and 99% has a value lower than 0.206. We note that both the 10% and LIHC fuel poverty definitions encompass very similar household profiles. According to the 10% definition, Ic (energy inefficiency as expressed in energy consumption per square meter) reaches about 0.0890 for the poor, which is 70% (0.0776/0.0469) higher than for the non-poor. For the fuel poor according to the LIHC approach, Ic is only 27% higher than for the non-poor. By contrast, according to the AFCP approach, Ic for the poor represents only 98% of the indicator for the non-poor. The statistics presented in Table 5 confirm that the AFCP definition is very close to a definition of monetary poverty. The indicator of financial hardship, , is indeed 86% higher for the poor than for the non-poor, whereas the difference between the poor and the non-poor is only 62% according to the LIHC definition. Figure 2 shows the population distribution according to FPI values. Compared with other fuel poverty measures, the 10% definition seems to better include those who combine relative financial hardship with relatively high energy consumption/m2 (Table 5 and confirmed in Table   1 ). and are higher for this population than they are for the fuel poor according to the two other definitions. Relative restricted heating is the highest for the fuel poor defined according to the AFCP approach.
Figure 2 Kernel density estimate of FPI
To demonstrate that the FPI is an adequate measure of fuel poverty, we compared the three dimensions that a relevant definition should take into account (European Fuel Poverty and Energy Efficiency 2006, ONPE 2014) with the other measures of fuel poverty (see Table 6 ). The value of the FPI is quite stable among the different measures of fuel poverty. The similarity of both the AFCP and LIHC definitions is confirmed in gains (Arrow and Fisher 1974 , Ehrhardt-Martinez, Donnelly, and Laitner 2010 , Brounen, Kok, and Quigley 2013 , Pon 2017 , Wolak 2011 , Di Cosmo, Lyons, and Nolan 2014 , Jessoe and Rapson 2014 , Carroll, Lyons, and Denny 2014 , Matsukawa 2004 , Grimes et al. 2016 ).
Moreover, smart metering can be also considered as a tool to fight climate change and to identify which households restrict their heating consumption.
Sensitivity analysis
As mentioned previously, the indicators, data normalization techniques, weights, and aggregation methods used to construct a composite indicator can be controversial. In the case of the fuel poverty index, the selection of indicators is fairly consensual (ONPE 2014) , as is the choice of a geometric mean to avoid error measurement (due to the exclusion of one dimension).
Thus, in this study, we provide some robustness and sensitivity analyses to assess the robustness of the fuel poverty composite indicator in terms of the mechanism for calculating single indicators, the normalization scheme, and the removal of extreme value data. Indeed, we can We proposed different sensitivity analyses to assess whether our composite indicator is robust in all three dimensions. Statistical analysis can demonstrate also the precision of the data 8 . We first conducted sensitivity analyses to extreme values (Table 7) : Observations for the population with the 5% lowest and highest value for each dimension separately were removed. The results of the FPI were also compared with sensitivity to the poverty threshold and the reference temperature set by the WHO (Table 8) . Results show that the fuel poverty composite indicator continues to be around 0.107 even when we decrease the reference values from 60% of the median PCU to 50% for the poverty threshold and from 21 to 20°C for temperature. Even though the minimum and maximum values change in one indicator, the overall results are not affected. The FPI is also robust to outliers. Our methodology is thus robust and useful for classifying fuel poverty in households.
Conclusion and policy implications
Fuel poverty is an increasingly serious problem across countries but remains a concept that is First, the FPI index provides a scale rather than simply defining households as fuel poor or not.
It offers policymakers the possibility of choosing which population at which ranges of the FPI index need to be targeted with specific policies. Moreover, by allowing a dynamic comparison over time, the FPI can be viewed as a fuel poverty monitoring indicator to be used in evaluating public policy. For instance, a decrease in the FPI would lead us to perceive a decline in fuel poverty in general. In particular, it is now possible to identify in which dimension (monetary, energy efficiency, or heating restriction) a given policy is the most effective.
Finally, this index can be used to make comparisons not only among households inside a country, but also, once aggregated, among countries. In order to apply the FPI internationally, however, better data collection techniques are needed to compare household situations. While it may be time-and cost-effective to include subjective statements such as "I have difficulty keeping my home adequately warm" in the survey of Income and Living Conditions (EU-SILC), we can hope that the quality and precision of the fuel poverty composite indicator will improve in parallel with improvements in data collection and fuel poverty measurements.
Governments should provide further incentives to make these improvements to enhance the international comparability of these statistics. It is now up to policymakers to adapt their energy surveys so that FPI can be calculated to make comparisons over time and countries.
A. Measure of restricted heating: An econometric estimate
A.1 Model
To measure the impact of restricted heating, it is necessary to evaluate the difference in an outcome variable. We selected the mean housing temperature to verify if the restriction leads to objective differences among households who do not declare a restriction in their heating energy consumption.
Potentially constrained households are denoted as . A vector of control variables represents their personal attributes and housing characteristics. The binary variable (the treatment variable) denoted , reports whether the household reports restraining its heating energy consumption. For the treated sample, we have = 1, and for the control group, = 0.
Only a perfectly randomized evaluation makes it possible to avoid selection bias in the estimate.
In that case, comparing the difference in the outcome variable between treated and untreated individuals provides the impact of the treatment (Rubin 1974) . However, in most cases, independence between the probability of being treated and personal attributes cannot be assumed. In our case, restricting heating energy consumption is undoubtedly strongly linked to household characteristics, including housing conditions. The present study is based on nonexperimental data. We therefore used a non-experimental method to estimate the impact of the heating consumption constraint. The impact of heating restriction ( ( )) should ideally be the difference between the outcome variable for the treated households ( 1 ) and this variable if the household had not been treated ( 0 ):
where:
0 and 1 cannot be observed simultaneously, so the counterfactual temperature must be calculated. We used matching estimators, which requires matching each constrained household with one or many unconstrained households. Rubin (1974) proposed matching observations on observable characteristics. Under the assumption that the heating energy constraint is solely based on differences in observable attributes, the corresponding constraint effect can be measured even if it is not random. Each constrained household was matched to an unconstrained household based on the probability of being constrained, conditionally on the different observed characteristics . This conditional probability is the propensity score (Rosenbaum and Rubin (1983) . Matching on ( ) is as good as matching on (Rosembaum and Rubin (1983) . Key assumptions for identifying the constraint effect are conditional independence-or unconfoundedness (Rosembaum and Rubin 1983 )-and the presence of a common support for propensity score density (Heckman, Lalonde, and Smith 1999) . Under these assumptions, the propensity score matching average treatment is then equal to the mean difference in temperature over the common support.
We first performed one of the most frequently used matching techniques, nearest neighbor (NN) matching, and matched the treated observations with the five closest controls. This estimator implies a comparison between each treated unit and the closest untreated observation, in terms of propensity score.
However, one drawback of the NN method is that only a small sample of unconstrained households can ultimately satisfy the criteria to constitute the common support and allow for constructing the counterfactual outcome. For this reason, nonparametric matching estimators such as kernel matching were used to construct a counterfactual match for each treated unit by using the weighted average of all untreated units. The weights ( (. )) for kernel matching are given by:
where is the propensity score for a constrained household and the propensity score for an untreated household included in the control sample ( ). K(.) is a kernel function and a bandwidth parameter. Robust standard errors were calculated using bootstrap as the estimators are asymptotically linear (Imbens 2003) . Bootstrapping standard errors also enabled us to take into account the variance due to derivation of the propensity score matching and determination of the common support (Heckman, Ichimura, and Todd 1997 , Efron and Tibshirani 1993 , Horowitz 2003 . The variables used for analysis are presented in the next section.
A.2 Variables used in the matching estimate
We balanced both subsamples (treated and untreated) by using dummy variables of income percentiles, homeownership, and size of the urban area. We also included a binary variable capturing whether the household can adjust its heating energy consumption, as this is not possible in some collective housing. The housing characteristics were introduced with the construction period and the energy consumption classification, estimated by a professional agency, indicating if the housing is energy efficient. The energy classification label, from A-G, provides insight into the energy efficiency of the dwelling: The A label is the most energy efficient, while the G label is the least efficient. The database provides the energy label for each dwelling.
Finally, one way to measure household preferences is measured through the answer to the question "Do you prefer reaching your comfort temperature or saving on heating costs?" Even if this question is relative to quality of life, it is a way to measure the ranking of thermal comfort in the hierarchy of household preferences.
Urban area categories include: rural areas (urban area size 0), areas with 2,000 to 9,999 inhabitants (urban area size 1), areas with 10,000 to 99,999 inhabitants (urban area size 2), areas with 100,000 to 1,999,999 inhabitants (urban area size 3), and Paris (urban area size 4).
Including construction periods enabled us to control for thermal performance, as current thermal regulations were implemented in the 1970s. Finally, we had to ensure that the sense of restricted heating declared by the treated observations did not come only from a strong preference for heat, so we included the preference variable. Variables are summarized in Table   A -1. These first descriptive statistics suggest that restricted heating is linked to occupation status and preferences for saving heating costs. Housing also seems to be less energy efficient among households who restricted their energy consumption.
A.3 Results
A.3.1 First step
In our two-step analysis, we first calculated the propensity scores (the probability of being constrained). The probability of restricting heating energy consumption is significantly influenced by standard of living, homeownership, whether it is possible to adjust the heating, preference for heating cost savings, and construction period. These results are in line with Healy and Clinch (2002), Healy (2003) . Being a homeowner of a recent residence and belonging to the highest percentile seems to protect against restricted heating. However, being able to adjust the heating system has a positive and significant impact. On average, the literature reports that having a collective boiler or being linked to a district heating system prevents more fuel poverty as previously defined.
The estimate of the propensity scores (Table B -1) also suggests that restricted heating comes more from budget constraints than from low energy efficiency of housing. The preference variable is strongly significant and positive: the constrained households declare a preference for heating cost savings, rather than a more comfortable inside temperature. Finally, the energy classification does not seem to have any impact on the propensity scores. No observations 2318 *** Significant at 1%. ** significant at 5%. * significant at 10%
After matching, we checked the balancing property. It is necessary to ensure that the household characteristics of the control and treated groups are comparable after matching (Table B-2 and   Table B-3) . Thus, two indicators are commonly used: the standardized percentage bias and the propensity score estimates of explanatory variables (Rosenbaum and Rubin 1983) . The overall bias decreases significantly after matching, from 9.2% to 1%. Figure A-1 below shows that the deviation is largely reduced after matching. Before matching, the distribution of confounders was different between two groups (heating preference for comfort and heating preference for energy savings), while the residual imbalance between matched groups was almost negligible (standardized bias ≤ 1% across all variables). We also wanted to check the region of common support to see if we had enough overlap between the treatment and control groups to make reasonable comparisons. The "common support or overlap condition: 0 < P(Ti = 1|Xi) < 1 ensures that treatment observations have comparison observations nearby in the propensity score distribution" (Heckman, Lalonde, and Smith 1999) .
A.3.2 Second step
The second step consists of the calculation of temperature differentials using nearest-neighbor and kernel matching methods. The sensitivity of the results to a deviation from the assumption of conditional independence of potential outcomes (CIA) is presented in the sensitivity analysis section. Households reporting restricted heating live, on average, in less heated housing, or at least in slightly cooler housing. On average, the temperature in their residence is 0.46 to 0.49 degrees lower 9 (Table 3) . 
A.4 Sensitivity analysis after matching
Matching is based on the assumption that selection into the treatment group is only driven by observable factors, or the CIA.
This assumption has the main consequence that the choice of temperature is independent of the probability of restricting heating consumption. For more information about this assumption, see Ichino, Mealli, and •Nannicini (2008) . Results are presented in Table A -6 below. The first four columns contain the probabilities Pij. For each value we give at U, the next two columns present, respectively, the outcome effect (i.e., the effect of u on the untreated outcome, controlling for observables x) and the selection effect (i.e., the effect of u on preference for comfort, controlling for observables x). The first four columns give the four probabilities, sij, which define the distribution of the unobservable components by restricting heating consumption and outcome. Column 5 gives the outcome effect. Similarly, column 6 presents the selection effect. The two last columns provide the effect and the standard error of restricting heating consumption, controlling for the observable x and the unobservable U. We present the results of a sensitivity analysis for households that restrict their heating consumption when the distribution is comparable for income, ownership, having a cooling system, and the ability to adjust the heating.
For example, P11 equals 0.18, i.e. 18% of households who restrict their heating consumption by 0.488 Celsius belong to percentile 1. The effect of restricting heating consumption is just slightly higher than in the situation without a confounder (-0.488 vs. -0.486), but the effect is still negative and significant and almost the same.
Overall, the results of the sensitivity analysis for temperature indicate that the simulated matching estimators do not differ from the baseline estimates and remain statistically positive and significant, whatever the type of distribution chosen for U. All these simulations support the robustness of the matching estimates, whatever the distribution chosen for U. 
B. Results
